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TECHNICAL NOTE D-175 

DYNAMIC-MODEL INVESTIGATION OF THE DAMPING OF FLAPWISE 

B N D I N G  MODES OF TWO-BLADE ROTORS IN HOVERING AND 

A COMPARISON W I T H  QUASI-STATIC AND UNSTEADY 

AERODYNAMIC THEORIES* 

By Milton A .  S i l v e i r a  and George W .  Brooks 

SUMMARY 

The object ive of t h i s  repor t  i s  t o  present  the findings of a syste-  
matic invest igat ion of the deficiency i n  damping of r o t o r  blades operating 
a t  low, rotor inflow v e l o c i t i e s .  
the damping of symmetric flapwise bending modes of a two-blade t e e t e r i n g  
and f lapping r o t o r  are presented and compared with damping values calcu- 
l a t e d  from both quas i - s ta t ic  and unsteady aerodynamic theor ies .  Struc- 
tural  and aerodynamic damping values are given f o r  the  second and t h i r d  
mo6es f o r  each of two col lec t ive  pi tch angles f o r  hovering a t  low r o t o r  
inflow v e l o c i t i e s .  

The results of a dynamic-model study of 

%le r e s u l t s  show t h a t ,  under conditions of negl igible  inflow, the 
t o t a l  damping, when p l o t t e d  as a function of the  r a t i o  of blade bending 
frequency t o  r o t o r  speed, f luctuates ,  i n  general ,  between upper and lower 
bounds given by combined quasi-s ta t ic  aerodynamic and s t r u c t u r a l  damping 
and by s t ruc tura l  damping, respectively.  The lower values of t o t a l  
damping occur a t  frequency r a t i o s  j u s t  below even i n t e g r a l  values and 
ind ica te  t h a t ,  under conditions of low r o t o r  inflow, the contr ibut ions of 
aerodynamic damping i n  these cases a r e  negl igible .  

The comparison of the experimental r e s u l t s  with those of e x i s t i n g  
two-dimensional idea l ized  theory shows that the trends predicted by the 
theory are e s s e n t i a l l y  real ized;  but some var ia t ions e x i s t  which a r e  
probably due t o  the e f f e c t s  of slipstream contraction, ro ta t ion ,  and 
possibly other  f a c t o r s  which include the three-dimensional aspects of the 
flow. 

* 
P a r t  of the  information presented herein w a s  offered by Milton A .  

S i l v e i r a  as a t h e s i s  e n t i t l e d  "The Damping of Flapwise Bending Modes of 
Two-Blade Rotors i n  Hovering" i n  p a r t i a l  f u l f i l l m e n t  of the requirements 
f o r  the degree of Master of Science i n  Aeronautical Engineering, 
University of Virginia,  Charlot tesvi l le ,  Virginia,  June 1959. 
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INTRODUCTION 

4 

During the operation of various types of r o t o r s  under conditions 
of hovering and forward f l i g h t ,  the r o t o r s  a r e  subjected t o  per iodic  
aerodynamic and dynamic loads.  These applied loads may be resolved by 
the methods of Fourier s e r i e s  i n t o  various harmonic components which 
have frequencies equal t o  the i n t e g r a l  mult iples  of the r o t o r  speed. 
The natural  frequencies of the  blades themselves are a l s o  dependent on 
the rotor speed because of the cent r i fuga l  s t i f f e n i n g  e f f e c t s .  The 
r e s u l t s  of these combined e f f e c t s  a r e  such t h a t  as the r o t o r  speed i s  
varied, the frequencies of the harmonic components of the aerodynamic 
loading may become resonant or near resonant with one or more of the 
natural  frequencies of the blades. Under such conditions, the aerody- 
namic and s t r u c t u r a l  damping of the blades i s  of fundamental importance 
i n  maintaining acceptable l e v e l s  of blade def lect ions and associated 
blade s t r e s s e s .  

The r e s u l t s  of the ideal ized two-dimensional theories  of r e f e r -  
ences 1 and 2 show t h a t  the aerodynamic damping of both blade bending 
and torsion deformations a r e  modified appreciably from the values pre- 
d ic ted  by quas i - s ta t ic  considerations if the wake e f f e c t s  a r e  included. 
It i s  shown, under conditions involving l o w  r o t o r  inflow v e l o c i t i e s ,  
t h a t  the e f f e c t i v e  aerodynamic damping may be s u b s t a n t i a l l y  reduced 
when the frequencies of the  blade vibrat ions are i n t e g r a l  multiples of 
the  rotor  speed. 

The e a r l i e s t  experimental recognition of the  phenomenon predicted 
by the aforementioned theories  w a s  encountered i n  the so-called "wake" 
f l u t t e r  of propel ler  and r o t o r  blades (see r e f s .  3 and 4) wherein the 
blade deformations are pr inc ipa l ly  tors iona l .  
t a l  agreement with the predicted trends of a deficiency i n  damping of 
blade flapwise bending deformations has a l s o  been found f o r  a r o t o r  
having a s ing le  f lapping blade ( r e f .  5 ) .  

- 
More recent ly  experimen- 

The present  repor t  presents the r e s u l t s  of a systematic experimen- 
ta l  study of the  damping of blade flapwise bending deformations f o r  both 
the teeter ing and flapping r o t o r  configurations with blades dynamically 
scaled t o  be s t r u c t u r a l l y  representat ive of current  designs. Experimen- 
t a l  values f o r  both aerodynamic arid s t r u c t u r a l  damping are presented and 
compared with the r e s u l t s  obtained from both quas i - s ta t ic  and unsteady 
aerodynamic theor ies .  

4 
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SYMBOLS 

blade half  -chord 

real p a r t  of the modified l i f t -def ic iency  funct ion f o r  
r o t o r s  ( r e f .  1) 

v e r t i c a l  dis tance between successive rows of v o r t i c i t y  

mass of blade per un i t  length 

number of cycles 

r o t o r  radius 

radial pos i t ion  of a r b i t r a r y  blade element 

mean induced veloci ty  through the r o t o r  

amplitude of nth o s c i l l a t i o n  of decay 

amplitude of i n i t i a l  o s c i l l a t i o n  of decay 

l i n e  s t rength  of continuously d i s t r i b u t e d  v o r t i c i t y  

1 XO damping f a c t o r ,  - loge - 
n X n  

damping fac tor ,  nonrotating value 

c o l l e c t i v e  p i t c h  angle of ro tor  blades 

a i r  densi ty  

bending mode shape 

r o t a t i o n a l  frequency of rotor 

rotor-blade flapwise bending na tura l  frequency 

rotor-blade flapwise bending natural frequency, nonrotating 
value 

3 
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APPARATUS AND TESTS . 
Description of Apparatus 

Sketches of the  apparatus used f o r  the  t ee t e r ing  and flapping 
r o t o r s  a re  shown i n  f igu res  1 and 2, respec t ive ly .  
r o t o r ,  the ro to r  was mounted a t  the f r e e  end of a cant i lever  beam which 
w a s  excited by an e l ec t ron ic  shaker as shown i n  f igu re  1. 
ping r o t o r ,  t h e  f r e e  end of the  beam w a s  f ixed  and the  shaker was 
mounted above the ro to r  t o  shake the blades d i r e c t l y  as shown i n  f i g -  
ure 2. When the  beam w a s  mounted as a cant i lever ,  small viscous dampers 
were attached t o  the beam t o  obtain n e a r - c r i t i c a l  damping of the beam 
vibrat ions upon removal of the exc i t i ng  force .  The length of t he  can t i -  
l eve r  beam w a s  a l s o  var ied during p a r t i c u l a r  phases of the  t e s t  t o  e l i m -  
inate large beam def lec t ions  and severe coupling of i t s  na tura l  f r e -  
quencies with those of the  blades. 

For the  t ee t e r ing  

For the  f l a p -  

L 
2 
8 
l. 

It w a s  concluded, a f t e r  severa l  tr ies,  t h a t  t he  pin-end bending 
modes f o r  the  f lapping r o t o r  could not  be exc i ted  with s u f f i c i e n t  c l a r i t y  
by shaking the support beam t o  permit an accurate  evaluat ion of the 
damping. Consequently, a very l ightweight shaker w a s  mounted above the 
r o t o r  i n  o rde r  t o  exc i te  the blades d i r e c t l y  as shown i n  f igu re  2. The 
blades were exc i ted  through two f l e x i b l e  w i r e s  a t tached t o  the  shaker by 
means of a s m a l l  bar which w a s  f r e e  t o  r o t a t e  about t he  shaker dr iv ing  
shaft . 

r 

The r o t o r  w a s  dr iven by a small commercial a i r  motor mounted below * 

the  beam and COMeCted t o  the  ro to r  shaft through a r ight-angle  gear box. 
A complete descr ip t ion  of the pylon assembly i s  given i n  reference 6. 

The hubs f o r  the  two configurations a r e  shown i n  f igu res  3 and 4. 
Both ro tors  employed the  same blades which are described i n  d e t a i l  i n  
reference 6 and a r e  shown i n  f igu re  3. A r o t o r  diameter of 66 inches 
and a s o l i d i t y  of 0.04 were maintained with each configuration. The 
r o t o r  blades had an NACA 0015 a i r f o i l  sect ion,  a uniform 2,062-inch 
chord, and were constructed of s o l i d  balsa glued t o  an i n l a i d  s o l i d -  
aluminum spar. They were dynamically scaled t o  possess the  flapwise 
bending propert ies  (mass and s t i f f n e s s )  representa t ive  of current  
hel icopter-rotor  blade designs.  

The tee te r ing- ro tor  hub, shown i n  f igu re  3, w a s  of a conventional 
configuration and consis ted of a r i g i d  u n i t  f r e e  t o  p ivot  about a hor i -  
zontal  pin a t  the  top of the  r o t o r  shaft. 

The flapping-rotor hub, shown i n  f igu re  4, u t i l i z e d  shor t  lengths  c 

of  1116-inch-diameter aircraft  cable t o  a c t  as f lapping hinges and re ten-  
t i o n  s t raps .  The blade-retent ion blocks are clamped t o  the two lengths - 
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of a i r c r a f t  cable.  
as the blade-droop s top.  

An arm extends below the blade-root f i t t i ng  t o  a c t  

Instrumentation 

The instrumentation of the model consisted of e l e c t r i c a l  res i s tance-  
w i r e  s t r a i n  gages mounted on the  blades and near t h e  r o o t  of the  c a n t i -  
l ever  beam. An instantaneous indication of r o t o r  speed w a s  obtained by 
means of a tachometer generator and Stroboconn, and a 1-per-revolution 
s igna l  w a s  used f o r  recording purposes. 
oscil lograph, a sample record of which is  shown i n  f i g u r e  6. 

A l l  s igna ls  w e r e  recorded by an 

Test Procedure 

The co l lec t ive  p i t c h  angle of the blades w a s  se t  and locked before 
P r i o r  t o  obtaining any values of the  blade damping, the each tes t .  

t h r u s t  of the r o t o r  throughout the range of operating speeds w a s  measured 
by means of the  ca l ibra ted  beam bending gage. 

The blade-damping data  presented were obtained by s e t t i n g  the r o t o r  
speed a t  the  value desired and by varying the frequency of the exc i t ing  
force  appl ied by the shaker t o  secure a maximum def lec t ion  of the blades 
i n  the  prescribed mode (resonance). This procedure w a s  used t o  maximize 
blade response and t o  minimize any t rans ien t  s ta te  between the frequency 
of the forced and f r e e  v ibra t ion  of the blade. When the aforementioned 
conditions of resonance were obtained, logarithmic decrements were 
recorded of the  decaying o s c i l l a t i o n  of the f r e e  vibrat ions of the blade 
by suddenly removing the exc i t ing  force. 
r a t i o  ( r a t i o  of blade na tura l  frequency t o  r o t o r  speed),  a t  least four  
decrements were obtained and, consequently, four  values of the  damping 
f a c t o r  were derived. 

For each value of the frequency 

The use of the logarithmic-decrement method, i n  cont ras t  with the  
forced-response method, i n  obtaining damping introduces a t r a n s i e n t  
f a c t o r .  I n  the logarithmic-decrenent method, the s t rength of the vor- 
t i c i t y  which i s  continuously shed by a blade element and l i es  i n  the 
near wake i s  dependent on the amplitude of the blade o s c i l l a t i o n  and, 
therefore ,  diminishes as the amplitude diminishes. I n  the forced- 
response method, the amplitude of the o s c i l l a t i o n  i s  steady and the 
s t rength  of the  shed v o r t i c i t y  i n  the near wake is  uniform. The da ta  
presented i n  reference 5 were obtained by both methods and show t h a t  
the r e s u l t s  obtained by the two methods are e s s e n t i a l l y  the same. I t  
i s  concluded, therefore ,  that the e f f e c t  of the decay i n  the vortex 
s t rength  immediately behind the blade due t o  the logarithmic decay of 
the blade o s c i l l a t i o n s  does not have a subs tan t ia l  e f f e c t  on the  o v e r a l l  
aerodynamic damping  of the blade.  
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The s t r u c t u r a l  damping of the blades w a s  a l s o  measured by the 
logarithmic-decrement method. I n  order t o  obtain the  damping a t  zero 
r o t o r  speeds, the blades were supported a t  the node poin ts  of the 
respective modes by s o f t  rubber bands. 

. 

The e f f e c t  of r o t o r  speed on the s t r u c t u r a l  damping of the 

However, because of the nature of 
tee te r ing  r o t o r  i s  t r e a t e d  a n a l y t i c a l l y  i n  a subsequent sec t ion  e n t i t l e d  
"Analysis and Presentation of Data." 
the flapping hinge, it w a s  f e l t  t h a t  an experimental invest igat ion of 
the var ia t ion of s t r u c t u r a l  damping with ro tor  speed w a s  necessary. 

use of the same flapping hinges and blade attachments but d i f f e r e n t  
This e f f e c t  w a s  measured by mounting a ro tor  i n  a vacuum chamber (with 

blades) and by measuring the damping by the logarithmic-decrement method 
throughout the r o t o r  speed range. 

L 
2 
8 
t 

Range of Tests 

Damping values were obtained f o r  the second and t h i r d  e l a s t i c  
bending modes f o r  the t e e t e r i n g  and f lapping configurations over a 
range of r o t o r  speeds bounded a t  the lower end by droop-stop banding and 
a t  the upper end by the design value of cent r i fuga l  forces .  The t e s t  
ranges of r o t o r  speed are given i n  f igures  7 and 8. These f igures  a l s o  
show the values of the r a t i o  of the blade natural frequency t o  r o t a t i o n a l  
frequency obtained f o r  the respect ive modes within the t e s t  range of 
r o t o r  speed. 
r e s u l t s  i n  a large change i n  the value of the frequency r a t i o  
whereas a t  high r o t o r  speeds, a la rge  change i n  r o t o r  speed i s  required 
t o  obtain a small change i n  the value of the frequency r a t i o .  Tests f o r  
the f i r s t  modes were not  included i n  t h i s  inves t iga t ion  because the  
range of possible r o t o r  speeds did not  include a s u f f i c i e n t  range of the 
frequency r a t i o  t o  be of i n t e r e s t .  

A small change i n  r o t o r  speed a t  the lower r o t o r  speeds 
w/Q; 

During the invest igat ion,  data were obtained f o r  nominal c o l l e c t i v e  
pitch-angle settings of 0' and 3 O .  
necessary t o  vary the p i t c h  angle of one blade s l i g h t l y  t o  obtain good 
blade tmcking.  Because of these adjustments and the inaccuracies of 
precisely defining the co l lec t ive  p i t c h  angles of s m a l l  blades, it w a s  
decided t h a t  a measure of the  r o t o r  t h r u s t  would provide a more r e a l i s t i c  
evaluation of a c t u a l  r o t o r  operating conditions, espec ia l ly  with regard 
t o  the conditions of r o t o r  inflow. 
damping data, the  t h r u s t  w a s  measured as a funct ion of r o t o r  speed f o r  
each of the two nominal values of co l lec t ive  p i t c h  angle, and the r e s u l t s  
are presented i n  f igures  9 and 10. These f igures  show that the blade 
angle of a t tack i s  reduced somewhat as the r o t o r  speed i s  increased. 
This e f f e c t  i s  more pronounced i n  f igure  10 where the  t h r u s t  is  given 
f o r  the flapping blade. 
t i v e  pi tch angle was se lec ted  SO as t o  y i e l d  negl igible  t h r u s t  near the 

From these nominal s e t t i n g s ,  it w a s  

Consequently, p r i o r  t o  obtaining the 

I n  e i t h e r  case, the lower value f o r  the co l lec-  

.. 
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maximum r o t o r  speed. 
the respective data presented i n  figures 11 t o  15. 

The nominal pitch angles are then used t o  ident i fy  

ANALYSIS AND PRESENTATION OF DATA 

General Discussion 

The ana lys i s  and presentat ion of the r e s u l t s  of t h i s  invest igat ion 
are described i n  some d e t a i l  i n  the sections which follow. Both meas- 
ured and calculated damping f a c t o r s  a re  presented and compared. 
r e s u l t s  are presented i n  f igures  11 t o  15. The coverage and order of 
presentat ion cons is t  of aeasured and calculated values of the s t r u c t u r a l  
damping, the summation of the  s t ruc tura l  damping and the calculated 
quas i - s ta t ic  aerodynamic damping (wake e f f e c t s  ignored), the summation 
of the s t r u c t u r a l  damping and the  calculated unsteady aerodynamic damping 
(wake below and immediately behind the blade considered), and the summa- 
t i o n  of the s t r u c t u r a l  damping and calculated unsteady aerodynamic 
damping (wake below the r o t o r  ignored, wake immediately behind the blade 
considered).  

The 

Measured Values of Blade Total  Damping 

The measured damping f a c t o r s  presented were derived from the  f o l -  
lowing re la t ion :  

1 XO 

= loge xn 
The amplitude 

xn 

xo may be taken f o r  any cycle a f t e r  the  shaker force  

i s  terminated and the blade motion assumes a damped-free vibrat ion.  The 
amplitude 
as xo. 

is  then the amplitude of the n th  cycle after that taken 

k t y p i c a l  p l o t  of the data, as read from the records, i s  presented 
i n  f igure  11. 
and other  f a c t o r s ,  some s c a t t e r  of the data w a s  experienced; but,  by 
deriving several  damping f a c t o r s  for each tes t  point  and by using numerous 
t e s t  points,  the general trends of the damping f a c t o r s  were w e l l  defined. 
I n  general ,  the  amount of s c a t t e r  was less f o r  the t h i r d  modes than f o r  
the second modes and w a s  less f o r  the t e e t e r i n g  r o t o r  than f o r  the f l a p -  
ping ro tor .  \ 

Because of t h e  transmission of the data  through s l i p r i n g s  

A f t e r  the data were p lo t ted ,  curves were f a i r e d  through the data 
points  as shown i n  f igure  11, and these curves are presented i n  f i g u r e s  12 
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and 13 f o r  the  t ee t e r ing  r o t o r  and i n  f igu res  14 and 15 for the  f lapping 
r o t o r .  

S t ruc tu ra l  Damping 

I n  order t o  obtaiil a ready comparison of the  experimental damping 
f ac to r s  measured during t h i s  inves t iga t ion  with those predicted by 
theory, it w a s  necessary t o  e s t a b l i s h  the  value of the  s t r u c t u r a l  
damping f o r  each configurat ion and condition t e s t e d  s ince  the  s t ruc-  
t u r a l  damping i s  added t o  the ca lcu la ted  aerodynamic damping i n  each 
case. The s t r u c t u r a l  damping a t  zero r o t o r  speed w a s  r ead i ly  measured 
as previously described i n  the  sec t ion  e n t i t l e d  "Test Procedure"; how- 
ever,  the var ia t ion  of s t r u c t u r a l  damping with r o t o r  speed posed some 
d i f f i c u l t i e s  . 

I n  t he  consideration of the blade as a generalized mass-spring- 
damper system, the  s t r u c t u r a l  damping force  is  given as the  product of 
t h e  s t ruc tu ra l  damping coe f f i c i en t  and the  generalized spr ing constant .  
If the  u s u a l  assumption i s  made t h a t  the  s t r u c t u r a l  damping force i s  
dependent only on the  proper t ies  of t h e  s t ruc tu re  and the  mode of defor- 
mation, then the e f f e c t i v e  structural-damping coe f f i c i en t  decreases as 
the  rotor  speed increases  because of the  increase i n  the  generalized 
spr ing constant.  The e f f ec t ive  structural-damping coe f f i c i en t  i s  then 
given by 

6 = 6()($ 

where 6o and % a r e  the  appropriate  values f o r  the  given mode a t  
R = 0.  This assumption appears t o  be appropriate  f o r  t he  t ee t e r ing  
ro to r  since the blade-root f i t t i n g s  and hub cons t i t u t e  a continuous 
s t ruc ture ,  and it w a s  used t o  der ive the  structural-damping curves and 
the  structural-damping component of t he  quas i - s t a t i c  and unsteady 
aerodynamic curves of f i gu res  12  and 13. Test results f o r  the  f lapping 

bodies showed that f o r  some conditions,  i f  the  6 = 60 (2 - >' r e l a t ionsh ip  

was applied, the  t o t a l  damping appeared t o  be less than the  ca lcu la ted  
s t ruc tu ra l  damping. Consequently, separate  tests were made on a similar 
f lapping ro to r  i n  a near vacuum t o  determine the va r i a t ion  of s t r u c t u r a l  
damping with r o t o r  speed, and the r e s u l t s  were used t o  ob ta in  the curves 
f o r  s t ruc tu ra l  damping presented i n  f igu res  1 4  and 15. 
were a l s o  used as the  s t r u c t u r a l  damping components i n  the  determination 
of t he  quas i - s ta t ic  and unsteady-aerodynamic-damping curves f o r  the 
f lapping ro tor .  

These values 

. 
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The va r i a t ion  of s t r u c t u r a l  damping with amplitude of t he  blade 
vibrat ions w a s  invest igated t o  determine the  ex ten t  of the va r i a t ion .  
It w a s  found t h a t ,  wi thin the  range of amplitudes used i n  exc i t i ng  the  
blades,  the  va r i a t ion  of s t r u c t u r a l  damping w i t h  amplitude w a s  i n s ig -  
n i f i can t  and, therefore ,  no attempt was made t o  r e t a i n  a constant 
i n i t i a l  amplitude of t he  blade response. 

The results obtained from several  tests of a conventional, f u l l y  
a r t i cu la t ed ,  f lapping r o t o r  showed that the  f r i c t i o n  of t he  f lapping 
hinge (a brass  p in  and s teel  bushing) increased subs t an t i a l ly  with 
ro to r  speed. I n  f a c t ,  a t  the  higher ro to r  speeds t h i s  f r i c t i o n  w a s  
such t h a t  it masked out  the deficiency i n  aerodynamic damping associated 
with the  wake, and a t  a l l  r o t o r  speeds the  f r i c t i o n  w a s  unknown and could 
not be r ead i ly  determined. It w a s  because of the  excessive f r i c t i o n  i n  
t h i s  r o t o r  that the  f lapping ro to r  with f l e x i b l e  s t r a p s  w a s  designed and 
t e s t ed .  
l a t e d  ro to r ,  and becase of the  uncertaint ies  of t he  r e s u l t s ,  these d a t a  
are not presented. 

Only a l imi ted  amount of data w a s  taken f o r  the  f u l l y  a r t i c u -  

With regard t o  the  f r i c t i o n  of the f u l l y  a r t i c u l a t e d  hinged ro to r ,  
some f u r t h e r  remarks seem per t inent .  Experience with dynamic models 
suggests t h a t  the r e l a t i v e  magnitude of f r i c t i o n  forces  general ly  
increases  as the  s i z e  of the  model i s  reduced. This i s  brought about 
by a combination of f ac to r s  which include poor lub r i ca t ion ,  lower bearing 
e f f i c i enc ie s ,  and the  necessi ty  f o r  change i n  bearing types. A s  a r e s u l t  
of these  f ac to r s ,  it i s  l i k e l y  that a f u l l - s c a l e  he l icopter  r o t o r  would 
experience lower r e l a t i v e  f r i c t i o n  forces than a smaller model; but even 
so ,  it i s  a l s o  l i k e l y  that the  s t ruc tu ra l  damping of the  v ibra t ion  modes 
of blades having f lapping hinges t o  transmit cen t r i fuga l  forces  i s  
higher than t h a t  f o r  a t ee t e r ing  r o t o r .  

Quasi -S t a t i  c Damping 

The aerodynamic components o f  the quas i - s t a t i c  damping values pre - 
sented i n  f igures  12 t o  15 were calculated by employing the  general ized 
mass-spring-damper concept ( r e f .  5 )  wherein each mode of the  blade i s  
t r e a t e d  as an equivalent one-degree-of-freedom system. I n  t h i s  system, 
s ince  the  blades are of uniform rectangular p lan  form, the  damping 
f a c t o r  i s  given by 

6, = -%c 
ws, 
R 
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where the subscr ipt  s denotes the mode, shape of which i s  denoted by 
@. 
uniform and equal t o  5.7 per  radian. 

i s  assumed t o  be 
czcL 

The value of the slope of the lift curve . 

I n  order t o  determine the curves presented i n  f igures  12 t o  15, 
the values of the aerodynamic components thus determined a r e  added t o  
the appropriate values of s t r u c t u r a l  damping. 

Unsteady Damping 

I n  addi t ion t o  the experimental, s t r u c t u r a l ,  and q u a s i - s t a t i c  
damping curves, the  damping f a c t o r s  which include the wake e f f e c t s  were 
a l s o  calculated and a r e  presented i n  f igures  1 2  t o  15. These calcula-  
t ions  are based on the  r e s u l t s  of reference 1 and cons is t  of modifying 
the aerodynamic components of the quas i - s ta t ic  damping by a f a c t o r  F '  
which i s  a function of the inflow veloci ty  through the ro tor ,  the f r e -  
quency r a t i o  u / R ,  and the reduced frequency bco/rQ. With reference t o  
any one of f igures  12 t o  15 there  i s  a unique r o t o r  speed R corre- 
sponding t o  each value of Then, from the appropriate f igure ,  8 or 
9, the appropriate value of r o t o r  t h r u s t  i s  obtained. By using t h i s  
value of t h r u s t  and assuming t h a t  the inflow ve loc i ty  through the r o t o r  
i s  uniform, the inflow veloci ty  i s  determined. The reduced frequency i s  
then calculated f o r  a representat ive blade s t a t i o n  (r = 0.75R), and the  
value of F '  i s  calculated from reference 1. The curves presented i n  
f igures  12 t o  1.5 a r e  then obtained by multiplying the appropriate value 
of the aerodynamic component of the q u a s i - s t a t i c  damping by F' and .. 
adding the corresponding value of s t r u c t u r a l  damping. It may be noted 
t h a t  i n  reference 1 the t h e o r e t i c a l  slope of the l i f t  curve i s  given as 
2~rF';  whereas i n  the present  repor t  the e f f e c t i v e  slope i s  taken as 5 . 7 F ' .  
The l a t t e r  value i s  believed t o  be more appropriate f o r  hel icopter  blades.  

u / R .  

L 
2 
8 
1 

The o s c i l l a t i o n s  i n  the unsteady-damping curves may be b r i e f l y  
explained by reference t o  the aerodynamic model shown i n  f igure  16. I n  
t h i s  model, c e r t a i n  idea l iza t ions  of the  flow problem a r e  made i n  order 
t o  make the problem mathematically t r a c t a b l e .  These are pointed out i n  
the  remarks which follow and should be kept i n  mind i n  the discussion. 

F i r s t ,  a sect ion of a blade which l i es  between two concentric 
cylinders i s  considered, and it i s  assumed that the f a c t o r s  which i n f l u -  
ence the aerodynamics of the sect ion have s u f f i c i e n t l y  s m a l l  spanwise 
var ia t ions t h a t  the flow problem i s  two dimensional. Secondly, although 
i n  the actual  case the blade element i s  moving along a curved path, i n  
the theore t ica l  model it i s  assumed that the e f f e c t  of t h i s  curvature i s  
small and the curved pa th  i s  replaced by a s t r a i g h t  l i n e .  
idea l iza t ion  i s  employed wherein the induced veloci ty  of the wake i s  
assumed t o  be s u f f i c i e n t l y  small that  the wake shed from the  blades l i es  

A t h i r d  
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i n  planes which a r e  p a r a l l e l  t o  each other and normal t o  the r o t o r  ax is ;  
or ,  i n  other  words, the he l ix  angle of the wake i s  neglected. A f o u r t h  
idea l iza t ion  i s  the assumption t h a t  only t h a t  port ion of the wake which 
l i e s  within a s m a l l  azimuth angle on e i t h e r  s ide  of the blade element i s  
e f f e c t i v e  i n  determining the  aerodynamics of the blade. This assumption 
permits the l i m i t s  of the i n t e g r a l s  f o r  the wake elements below the 
r o t o r  t o  be considered i n f i n i t e .  

The f luc tua t ions  i n  t h e  s t rength of the l i n e  v o r t i c i t y  which l i e s  

u/Q, and whether the blade vibrat ions a r e  symmetrical o r  
i n  the wake below the r o t o r  plane are dependent on the number of blades, 
the value of 
antisymmetrical. The v e r t i c a l  distance between the rows of v o r t i c i t y  
h (shown i n  f i g .  16 as a dimensionless quant i ty)  i s  dependent on the 
inflow veloci ty ,  the number of blades, and the r o t o r  speed. The f igure  
presented corresponds t o  the condition of the t e s t s  (two-blade r o t o r  
with symmetrical o s c i l l a t i o n s )  and depicts conditions wherein u/Q i s  
e i t h e r  an even i n t e g r a l  o r  an odd integral .  When u/Q i s  an even 
i n t e g r a l ,  a l l  rows of v o r t i c i t y  are of the  same phase and reinforce each 
o ther  t o  produce an induced-velocity f i e l d  i n  the  plane of the r o t o r  i n  
phase with the blade motions. Thus, the ve loc i ty  of the blade r e l a t i v e  
t o  the surrounding a i r  i s  reduced and the e f f e c t i v e  damping of the  blade 
o s c i l l a t i o n s  is  diminished. On t h e  other hand, when o/Q i s  an odd 
i n t e g r a l ,  the  tendency of the rows of v o r t i c i t y  i n  the wake i s  t o  cancel 
each other,  and the damping i s  expected t o  approach the quas i - s ta t ic  
v a l u e .  

A s  the  v e r t i c a l  dis tance between successive rows of v o r t i c i t y  
becomes very large,  only the v o r t i c i t y  immediately behind the  r o t o r  i s  
s i g n i f i c a n t .  T h i s  s i tua t ion ,  which corresponds t o  the curves i n  f i g -  
ures 12 t o  15 labeled h = m, i s  equivalent t o  that of an o s c i l l a t i n g  
wing as t rea ted  by the c l a s s i c a l  unsteady aerodynamic theories  such as 
t h a t  presented i n  reference 7. 

DISCUSSION OF RESULTS 

The experimental curves for both r o t o r  configurations and p i t c h  
angles presented i n  f igures  12 t o  1 5  e x h i b i t  d subs tan t ia l  reduction i n  
the  damping f a c t o r  a t  frequency ra t ios  usually somewhat below the  even 
i n t e g r a l  values. I n  general, the  curves f o r  quas i - s ta t ic  damping and 
s t r u c t u r a l  damping e s s e n t i a l l y  form the upper and lower bounds t o  the 
experimental curves f o r  conditions of negl igible  inflow. 

A comparison of the experimental damping curves with those derived 
on the  basis of the unsteady aerodynamic theory of reference 1 shows 
t h a t  the trends predicted by the theory, even though it i s  highly idea- 
l i z e d ,  a re  substant ia ted by the  experimental r e s u l t s ,  and i n  most cases,  



the  agreement between numerical values i s  good. The troughs i n  the 
curves occur somewhat below the even-integral  frequency r a t i o  predicted 
by the theory. The troughs f o r  the higher p i t c h  angles occur nearer t o  
the even-integral frequency r a t i o s  than those f o r  the nominal blade- 
pitch-angle s e t t i n g s  of O o .  
integral  values i s  probably due t o  r o t a t i o n  of the sl ipstream, a f a c t o r  
not  t reated i n  the development of the theory of reference 1. The general  
shapes of the  troughs f o r  the experimental damping f a c t o r s  a r e  rounded i n  
contrast  with the  sharp cusplike troughs sometimes predicted by the 
theory. This may be due t o  three-dimensional e f f e c t s  r e s u l t i n g  from the  
differences i n  the  inflow angles and the  r a t i o  
span. 

4 

The occurrence of the  troughs before the 

h / rQ over the blade 

The amplitudes of the o s c i l l a t i o n s  of the  experimental damping fac-  
t o r s  decreased as the frequency r a t i o  increased (lower r o t o r  speed). 
This i s  consis tent  with theory i n  t h a t  the  quas i - s ta t ic  damping approaches 
the s t ruc tura l  damping a t  low r o t a t i o n a l  frequencies.  

The experimental data indicate  t h a t  the amplitude of o s c i l l a t i o n  of 
the damping f a c t o r  f o r  the blade p i t c h  angles of 0 = 0' i s  grea te r  than 
that for 8 = 3'. This trend i s  a l s o  i n  agreement with the general  t rend 
predicted by the theory: 
panied by a reduction i n  damping a t  the troughs and by an increase i n  
damping a t  the peaks. A f a c t  of p a r t i c u l a r  i n t e r e s t  i n  regard t o  t h i s  
trend, and which i s  general ly  t rue  f o r  a l l  cases except f o r  the second 
mode for the tee te r ing  r o t o r ,  i s  t h a t  the o s c i l l a t i o n  of the damping 
f a c t o r  as the e f f e c t i v e  p i t c h  angle i s  increased seems t o  converge t o  
some value considerably below the quas i - s ta t ic  value. T h i s  value would 
correspond t o  a la rge  p i t c h  angle where the shed vortex was i n f i n i t e l y  
far below the r o t o r  ( h  = 03). This t rend i s  a l s o  cons is ten t  with the 
theory of reference 1, which, i n  t h i s  case, reduces t o  the r e s u l t s  of 
the c lass ica l  theory f o r  the aerodynamic forces  on o s c i l l a t i n g  wings 
(ref.  7 ) .  

t h a t  a reduction i n  inflow ( t h r u s t )  is  accom- 

The results of the experimental inves t iga t ion  reported herein 
c l e a r l y  show t h a t  subs tan t ia l  reductions i n  the e f f e c t i v e  aerodynamic 
damping occur when the r o t o r  i s  operating under conditions of low inflow 
and occw p a r t i c u l a r l y  a t  r o t o r  speeds where the bending frequencies of 
the blades a r e  s l i g h t l y  below some i n t e g r a l  mult iples  of the r o t o r  
speed (the important i n t e g r a l  multiples being dependent on the nun-ber 
of blades, e t c . ,  as previously pointed o u t ) .  
that the trends coincide i n  pr inc ip le  with those of the  theory, but they 
seem t o  be modified by the  existence of the e f f e c t s  of sl ipstream r o t a -  
t i o n  and three-dimensional var ia t ions i n  the  flow about the blade over 
the length of the span. 

The results f u r t h e r  show 

I 
r 
c 



SUMMARY OF RESULTS 

An invest igat ion of the  damping of the flapwise symmetrical 
e l a s t i c  bending modes of a dynamically scaled two-blade t e e t e r i n g  r o t o r  
and a two-blade flapping r o t o r  during conditions of low inflow i n  
hovering has been conducted, and the r e s u l t s  may be s m a r i z e d  as 
follows : 

1. A comparison of the r e s u l t s  with ex is t ing  theory indicates  t h a t  
the trends predicted by the theory, even though it i s  highly ideal ized,  
are e s s e n t i a l l y  real ized;  but, some differences e x i s t  which are probably 
associated with the r o t a t i o n  of the sl ipstream and three-dimensional- 
flow conditions not t r e a t e d  i n  the development of the  theory. 

2. A subs tan t ia l  f luccuat ion of the aerodynamic damping of the 
blade motions associated with flapwise e l a s t i c  bending occurs as the 
r a t i o  of blade o s c i l l a t o r y  frequency t o  r o t a t i o n a l  frequency w/Q i s  
varied, and the value of the damping f a c t o r s  o s c i l l a t e  e s s e n t i a l l y  
between the s t r u c t u r a l  and quasi-s ta t ic  values. 

3. The minimum values of the damping f a c t o r  f o r  the  two-blade 
r o t o r s ,  bending i n  symmetrical modes, occur j u s t  p r i o r  t o  the even 
i n t e g r a l  values of w / ~ .  

c 

4.  The r e s u l t s  show t h a t  as the r o t o r  inflow ve loc i ty  i s  increased 
the f l u c t u t a t i o n  i n  damping decreases. I n  the l i m i t ,  as the inflow 
becomes s u f f i c i e n t l y  la rge ,  the v o r t i c i t y  below the r o t o r  i s  swept away 
and only the wake %mediately behind the  blade has a s i g n i f i c a n t  e f f e c t  
on the blade damping. I n  t h i s  case, the damping converges t o  a value 
which i s  below the q u a s i - s t a t i c  value as predicted by the ex is t ing  two- 
dimensional unsteady aerodynamic theory, which, i n  t h i s  case, reduces t o  
the c l a s s i c a l  theory f o r  aerodynamic forces  on an o s c i l l a t i n g  w i n g .  

- 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  V a . ,  August 31, 1959. 
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Figure 1.- General arrangement of t e s t  apparatus f o r  t ee t e r ing  r o t o r .  
All dimensions are given i n  inches.  . 
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F i g w e  6.- Q T i c a l  record  showing t r a c e s  of ro tor -speed  timer, shaker  
cu r ren t ,  and bending of r o t o r  b lade .  
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Figure 7.- Variation of flapwise bending frequencies with rotor speed 
for the teetering r o t o r .  Symmetric modes. 
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Rotor speed, R , cps 

Figure 8.- Variation of flapwise bending frequencies with rotor speed 
for the retention-strap flapping rotor. 
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Figure 9.- Variation of rotor t h r u s t  with r o t o r  speed for nominal col-  

l e c t i v e  pitch-angle s e t t i n g s  of 8 = 0' and 3 O  f o r  the tee te r ing  
r o t o r .  
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Figure 10.- Variation of r o t o r  t h r u s t  with r o t o r  speed for nominal col- 
l ec t ive  pitch-angle s e t t i n g s  of 8 = Oo and 30 f o r  the retent ion-  
s t rap f lapping rotor. 
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